The relationship between various types of plants can be predicted based on the similarity in the chemical substances present in them. Compounds that belong to the category of secondary metabolites are of great value in identifying such relationships. Additionally, results from the chemical investigations, together with the other biological or genetic information, can help to understand real relationships among the taxa. Liverworts are small spore-forming plants with simple morphological organization. On the other hand, many liverwort species demonstrate wide geographical distribution and grow under diverse ecological conditions. Because of this, the identification of these plants is especially challenging. One of the outstanding features of the liverworts is their chemistry. They produce a wide array of secondary metabolites, mainly terpenoids and aromatic compounds. Many of these compounds are characterized by unique structures, and some have not been found in any other plants, fungi, or marine organisms. The potential use of chromatographic fingerprinting of the liverworts, as complementary to morphological and genetic information, to resolve the taxonomic problems at the species, genus, and family levels are discussed.
O ne of the major aims of plant systematics is to construct a truly phylogenetic system that reflects the natural relationships among all plant taxa. The recent development of molecular techniques seemed to answer all questions concerning plant systematics and phylogeny and cause a reduction of the interest in chemosystematic studies. Although genetic-based studies are very useful to assess phylogenetic relationship among plant taxa at a higher level of the taxonomic hierarchy, at the genus level it is difficult to find an ideal molecular characteristic. At this level, the number of chemical features available from plant secondary metabolites can be much higher, and these can provide a sufficient number of data to be used for cladistic analyses. Chemical characteristics can also be used as an additional support for DNA trees at a higher level of the taxonomic hierarchy (1) .
Chemosystematic studies can also be very helpful in the plant identification process. Accurate species identification is crucial in phytochemical studies, especially when searching for new pharmaceuticals, and it guarantees the reproducibility of the phytochemical research. Carelessness at this stage of an investigation may greatly reduce the scientific value of the overall study (2) . Species identification is still largely based on morphology, although growing evidence exists that many biologically relevant entities will be missed in studies that rely solely on morphological traits, particularly since speciation is not always accompanied by morphological change (3, 4) .
Chemical fingerprints obtained by chromatographic techniques are a valuable tool that can be used for identification and authentication of herbal samples, as well as for chemosystematic studies. Chromatographic fingerprinting by use of hyphenated methods, e.g., GC/MS, LC/MS, or LC-NMR spectrometry can successfully demonstrate both sameness and differences between various samples (5) .
Liverworts (Marchantiophyta) are spore-forming plants that can grow in almost every available habitat, although most often in humid locations. Among green plants, liverworts are generally regarded as the simplest of extant terrestrial plants (6) . Many liverwort species demonstrate wide geographical distribution, grow under diverse ecological conditions, and often are pioneers in extreme habitat (7) . Three morphological types of plant bodies have generally been recognized and used in liverwort classification. These are "complex thalloid," including approximately 6% of extant species diversity; "simple thalloid" (approximately 8%), and "leafy liverworts" (approximately 86%; 8). The identification of liverworts is especially challenging because of their small size, their often microscopic or chemical distinguishing features, and their enormous diversity. Liverworts, as plants with simple morphological organization, have an evolutionary potential of hidden genetic variation. Genetic-based studies have indicated the occurrence of cryptic speciation in both Pellia epiphylla and P. endiviifolia (9) , Conocephalum conicum (10), Herbertus sendtneri (11) , and Porella platyphyla (4), among others. The origins of cryptic species in liverworts may be related not only to geographical disjunction but also to reproductive biology in combination with isolation and habitat differentiation (12) .
One of the outstanding features of liverworts is their chemistry. These spore-forming plants have yielded a rich array of secondary metabolites, which are mainly terpenoids and aromatic compounds. Many of these compounds are characterized by unique structures, and some of them have not been found in any other plants, fungi, or marine organisms (13) (14) (15) (16) . Constituents occurring in liverworts exhibit interesting biological activities, such as antibacterial, antifungal, cytotoxic, insect repellent, muscle relaxing, enzyme inhibitory, and apoptosis-inducing activities (15) (16) (17) (18) .
Knowledge of the chemical constituents present in the liverworts might serve to delineate not only chemical but also evolutionary relationships within the Marchantiophyta at the species, genus, and family levels. In this paper, we show whether the chromatographic fingerprinting of liverworts can be useful in taxonomic differentiation of this group of plants. Based on the chromatographic data, we discuss the chemical relationships between liverwort genera inside one family, between liverwort species within one genus, and between specimens within one liverwort species. It will be also shown that the identification of the chemical differences between liverworts is in agreement with the molecular analysis concerning the phylogeny of the Marchantiophyta.
Liverworts Chemistry
Despite the simple morphology, liverworts are plants with enormous chemical diversity. These spore-forming plants are characterized by the presence of oil bodies, unique organelles in which terpenoids and aromatic compounds are accumulated (19) . Over the last 40 years, more than 3000 compounds have been found in the Marchantiophyta (13) (14) (15) . A number of liverwort species are known to emit volatile terpenoids and simple aromatic compounds when crushed. Several of these substances are responsible for intense woody (e.g., 1), mushroom (e.g., 2), carrot-like (e.g., 3), or sweet-mossy (e.g., 4) scents, and very unpleasant odor (e.g., 5, 6; 14, 15). Some genera of the Marchantiophyta also produce intense pungent (e.g., 7) and bitter (e.g., 8) substances (14, 15) , as well as brown algae pheromones (e.g., 9, 10; 20, 21). Some of the compounds detected or isolated from the Marchantiophyta, such as the sacculatane diterpenoids (e.g., 11, 12) or pinguisane sesquiterpenoids (e.g., 13, 14), have not been found in vascular plants, fungi, or marine organisms ( Figure 1) .
Among all components that one can find in the liverworts, the most diverse and biggest group are sesquiterpenoids. Liverworts are abundant sources of new carbon skeletons of natural sesquiterpenoids, which are relatively rare groups of naturally occurring compounds. These are seco-africanes (15) (16) (17) , noraristolanes (18, 19) The most characteristic compounds isolated from the Marchantiophyta are bis-bibenzyls (81-86). In particular, Marchantia species (Marchantiaceae) are a rich source of these compounds, especially belonging to the marchantin type group (e.g., 81; 18). Bis-bibenzyls also occur in the Aytoniaceae of the Marchantiales; the Lejeuneaceae, Lepidoziaceae, and Plagiochilaceae of the Jungermanniales; and the Blasiaceae, Pelliaceae, and Riccardiaceae of the Metzgeriales. There are some rare cases of the occurrence of such components in a fern (22) and a higher plant (23; Figure 8 ).
Besides bis-bibenzyls, the presence of various types of bibenzyls (87-89) and their derivatives, benzylphthalides (90), phenanthrenes (91) and their dihydro analogs (92), have been confirmed in many different liverwort species. The genus Radula is a rich source of bibenzyls, especially prenylated bibenzyls (93, 94). This liverwort genus is also known to biosynthesize rare bibenzyl cannabinoids (95), and bibenzyls with a dihydrooxepin skeleton (96) and related bibenzyls possessing a cyclopropane ring (97; 13-15; Figure 9 ).
In contrast to the mentioned group of compounds, the occurrence of nitrogen-and sulfur-containing compounds among liverworts is very rare. Examples include skatole (5) from Cyathodium foetidissimum (21) , two prenyl indole derivatives (98, 99) from Riccardia species (13, 14) , and the benzyl and b-phenethyl b-methylthioacrylates (100, 101) from the Isotachis and Balantiopsis species (13, 14) . Moreover, several nitrogen-containing compounds, the coriandrins (102, 103), and the methyl tridentatols (104, 105) have been isolated from the Mediterranean liverwort, Corsinia coriandrina (24; Figure 10 ). Among other components present in the liverworts, are flavonoids (106-108), highly unsaturated fatty acids (109, 110), steroids and triterpenoids (111, 112), and lignans (113, 114; 15; Figure 11 ).
A characteristic structural phenomenon of liverwort constituents is that most sesqui-and diterpenoids are enantiomers of those found in vascular plants. The (−)-enantiomer of bicyclogermacrene (115) was isolated from the liverwort Jamesoniella autumnalis, while the (+)-enantiomer (116) was obtained from Majorana hortensis oil. The liverwort Reboulia hemisphaerica produces (+)-thujopsene (117), while the (−)-enantiomer (118) is a major component of cedar wood oil (25) . It is also noteworthy that different species of the same liverwort genera may produce different sesquiterpene enantiomers. For example, (−)-frullanolide (119) has been found in F. tamarisci subsp. tamarisci (13, 14) and F. nisqualensis (26) , while F. dilatata (27) , F. brasiliensis (28) , and F. muscicola (29) biosynthesize (+)-frullanolide (120; Figure 12 ).
Chemosystematics and Phylogenetic Relationships
The liverworts were first recognized as an independent plant lineage by de Jussieu in 1789 (30) . Since then, the relationships of liverworts have remained controversial, and many classification systems of the Marchantiophyta have been created (Table 1 ). The traditional classification system of the liverworts was quite simple and emphasized the division between the complex thalloid and other liverworts (31, 32) . The system of Crandall-Stotler and Stotler (33) maintains two classes; however, the structure of the lower taxa is much more complex and reflects the development of molecular taxonomy of the liverworts. The input from molecular phylogenetics in the past two decades has substantially altered concepts of systematic relationships among liverworts. It has demonstrated that many previously recognized ranks within the hierarchy are unnatural and in need of modification (34) (35) (36) . However, the data based on only one characteristic, e.g., morphological or molecular, reflect only the evolution of that particular characteristic and not the evolution of the whole plant. To get complete phylogenetic The number of chemical features available from liverwort secondary metabolites can provide a sufficient number of data to be used for chemosystematic studies. As already mentioned, the volatile terpenoids and aromatic compounds are the most characteristic components present in liverworts. Because of this GC/MS is a method frequently used for liverwort fingerprinting (37) . The chemical differences between liverworts detected by use of this method are in agreement with the molecular analysis concerning the phylogeny of the Marchantiophyta (15) .
Chemical Relationships Within One Liverwort Family
The Lejeuneaceae (Jungermanniopsida) is the largest family of liverworts, with at least 1000 species. Due to a high degree of morphological homoplasticity within the Lejeuneaceae, the division of this family into natural subunits has been considered as notoriously difficult, and many conflicting classifications have been proposed. Based on molecular studies, at present the division of the Lejeuneaceae into two subfamilies, Ptychanthoideae and Lejeuneoideae, is widely adopted (38, 39) .
GC/MS analysis of the volatiles present in the liverworts belonging to the Lejeuneaceae family indicated variability of the chemical composition of the terpenoids depending on liverwort species. Each of the analyzed liverworts was characterized by the presence of particular compounds; however, there were some characteristic components that can be used as chemical markers of this liverwort family. These were the pingiusane (14, 121-127) and monocyclofarnesane (128, 129) type sesquiterpenoids, and the fusicoccane (131-133) type diterpenoids, together with the sesquiterpene hydrocarbon, isolepidozene (130), Table 2 (40) . All of the mentioned characteristic components were present in the subfamily Ptychanthoideae. On the other hand, among the characteristic components, only β-pinguisene (122) was detected in the subtribe Cololejeuneinae of the subfamily Lejeuneoideae. Neither izolepidozene (130) nor the monocyclofarnesanes and fusicoccanes were found in this subfamily (40; Figure 13 ).
Chemical investigations can help to understand the relationships among the taxa within the family, but especially can be used as additional support for molecular studies. Chemical data supported the separation of Frullania from the Jubulaceae family, the unification of the Balantiopsidaceae and Isotachidaceae families, the separation of the Wiesnerella from the Conocephalaceae to the independent Wiesnerellaceae family, and removal of the Symphyogyna from the Hymenophytaceae to the Pallaviciniaceae family, among others (15) .
Chemical Relationships Within One Liverwort Genus
Porella is a liverwort genus that is a chemically very diverse group, especially with respect to sesqui-and diterpenoid content. Porella species can be simply divided into two groups: pungent and nonpungent. The pungent group belongs to the Porella vernicosa complex (chemotype 1, Table 3 ). This group is characterized chemically by the presence of the drimane-type sesquiterpene dialdehyde, polygodial (7). The nonpungent group comprises five other chemotypes (chemotypes II-VI, Table 3 ). The most characteristic components occurring in these chemotypes are sacculatanes [e.g., sacculaporellin (12) and perrottetianal A (134)], pinguisanes [e.g., bisacutifolone A (34) and norpinguisone (135)], africanes [e.g., secoswarzianin B (16) and swarzianin A (136)], germacranes [e.g., 4α,5β-epoxy-8-epi-innunolide (137) and 1α-hydroperoxy-4α,5β-epoxygermacra-10(14),11(13)-dien-12,8α-olide (138)], and guaianes [e.g., porelladiolide (139) and porellaolide (140)] (41). The taxonomy of the genus Porella based on the morphology has been regarded as notoriously difficult. Recent DNA-based studies brought new insights to the phylogeny and taxonomy of these plants (42; Figure 14) .
Chemosystematic studies of genus Porella showed that (43, 44) . Twenty specimens of four Thysananthus species (T. comosus, T. convolutus, T. retusus, and T. spathulistipus) were collected in Thailand and Malaysia, and the volatile components were analyzed by use of GC/MS. All obtained chemical data were verified statistically by use of multivariate statistical methods, cluster analysis (CA) and principal component analysis Figure 15 (45) . Both methods showed that T. retusus (cluster I) is different chemically from the other Thysananthus species. T. comosus and T. convolutus are quite similar chemically; however, within this group (cluster III), the chemical heterogeneity in T. convolutus was detected. The Malaysian collections of this liverwort species are different not only chemically from the Thailand collections, but also morphologically. The chemical heterogeneity correlates with the variation in leaf dentation observed in the species and supports the resurrection of T. gottschei, previously considered a synonym of T. convolutus (43) .
Chemical Relationships Within One Liverwort Species
Liverworts, as plants with simple morphological organization, have an evolutionary potential of hidden genetic variation. Some genetic-based studies have revealed that what was thought to be a single liverwort species is actually several different species (4, 10) . These hidden species, which are morphologically indistinguishable, are known to biologists as cryptic species (3) . One example of the occurrence of cryptic speciation within liverworts species is Conocephalum conicum. Molecular studies have shown that C. conicum is a complex of six cryptic species (A, C, F, J, L, and S; 10, 46). The monoand sesquiterpenoids biosynthesized by this liverwort can assist in taxonomic differentiation of cryptic species within the C. conicum complex (47) . The GC/MS analysis of the liverwort samples representing cryptic species A, F, J, L, and S (recently described as C. salebrosum) indicated the existence of chemical polymorphism between these species (Figure 16 ). Obtained data showed that cryptic species S produce a relatively high amount of sesquiterpene alcohol, cubebol (145), that seems to be a good chemical marker of this species. The other sesquiterpene alcohol, conocephalenol (144), is biosynthesized by cryptic species L, known as "true" C. conicum. The presence of the huge amount of monoterpene hydrocarbon, sabinene (143), is characteristic for cryptic species J occurring in Japan. The species A collected in the United States produces methyl (E)-cinnamate (141). This compound is the chemical marker of this species and is responsible for its characteristic fragrance. In one of the analyzed Japanese species belonging to the cryptic species F, a large amount of cyclocolorenone (142) and other aromadendranes were detected. The chemical differences were maintained in plants grown under greenhouse conditions for several years, suggesting that they are genetically based (47) .
Summary
Chemotaxonomy is the systematic study of chemical variation between plant taxa. The common occurrence of compounds in large taxonomic groups, such as families, is often indicative of a close phylogenetic relationships. On the other hand, particular compounds used as taxonomical markers represent additional characteristics for the delimitation of taxa, especially species. The proper identification of plant material is most important, not only from systematics and biodiversity conservation points of view, but it is crucial in phytochemical studies, especially when searching for new phytochemicals. Liverworts are plants that produce a wide array of biologically active secondary metabolites, but as organisms with simple morphological organization, they have an evolutionary potential of hidden genetic variation. From this point of view, chemosystematic studies can be very helpful in identification of these plants. Moreover, collection of the data concerning compounds (e.g., terpenoids) present or absent in the investigated plants helps to determine inter-and intraspecific relationships between liverworts. Additionally, results from chemical investigations, together with the genetic information and morphological features, can help to get complete phylogenetic data. Cooperative studies between chemists, biochemists, and systematists should be encouraged, since only such studies might offer insight into the evolutionary history of plants, as well as to the understanding of the present-day relationships within and between groups of plants. Copyright of Journal of AOAC International is the property of AOAC International and its content may not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written permission. However, users may print, download, or email articles for individual use.
